1 Pain Empathy underlines methodological 2 issues in ERP research. 3 Michel-Pierre Coll a 4 a michel-pierre.coll@psy.ox.ac.uk, Empathy has received considerable attention from the field of cognitive and social neuroscience. A significant portion of these studies used the event-related potential (ERP) technique to study the mechanisms of empathy for pain in others in different conditions and clinical populations. These show that specific ERP components measured during the observation of pain in others are modulated by several factors and altered in clinical populations. However, issues present in this literature such as analytical flexibility and lack of type 1 error control raise doubts regarding the validity and reliability of these conclusions. The current study compiled the results and methodological characteristics of 40 studies using ERP to study empathy of pain in others. The results of the meta-analysis suggest that the centro-parietal P3 and late positive potential component are sensitive to the observation of pain in others, while the early N1 and N2 components are not reliably associated with vicarious pain observation. The review of the methodological characteristics shows that the presence of selective reporting, analytical flexibility and lack of type 1 error control compromise the interpretation of these results. The implication of these results for the study of empathy and potential solutions to improve future investigations are discussed. 8 Empathy | Pain | ERP | Methods | Meta-analysis 9 Abstract: 200 words 10
. PRISMA flowchart. Reasons for exclusions for studies not included are shown in Table S1 .
When information was not clearly reported, the value was estimated based on the available information or 79 assumed to have a particular value (e.g. when no post-hoc correction was reported, it was assumed that none 80 were used). When insufficient information was available for a particular variable, it was marked as not reported 81 and treated as a missing value. 82 In order to assess the exhaustiveness of the hypotheses formulated regarding ERPs in each study, hypotheses 83 were classified in one of four categories: Complete, Partial, Alternative and None. Hypotheses were rated 84 as Complete if they clearly predicted the specific components that were expected to be influenced by all 85 manipulations as well the direction and the location of this effect. If some predictions were present but were 86 incomplete or unclear, the hypothesis was rated as Partial. Hypotheses that were formulated as two alternative 87 outcomes without a clear prediction were labeled Alternative and the absence of prediction regarding ERP 88 effects was labeled None. This procedure was applied separately for the factorial analysis of variance performed 89 on ERP components and for the correlational analysis of ERP components with other variables. Participants. 141 In the 40 studies reviewed, 42.5% used a between-subject design and 57.5% used a within-subject design.
142
Among studies employing a between-subjects design, 22.5% compared participants from the general population 143 to participants from a clinical group. These clinical conditions included autism, amputation, bipolar disorder, 144 fibromyalgia, juvenile delinquents and schizophrenia. Only 2 studies provided a justification for their sample 145 size based on a priori power analyses. The average sample size, sample size per group and participants excluded 146 are shown in Figure 2 . In order to asses the power of each study to detect a small (d = 0.2), medium (d = 0.5) 147 or large (d = 0.8) effect size (Cohen, 1992), a power analysis was performed for each study and each of these 148 effect size using the sample size per group, a two-sided paired t-test and a significance threshold of 0.05. As 149 shown in Figure 2 , most studies were only adequately powered to detect a large effect size equal to or higher 150 than d = 0.8. No studies had 80% power to detect a small or medium effect size. the presence of pain in a forced choice format (60% of studies), to assess the intensity of the pain observed 161 using a rating scale (17.5%), to passively observe the pictures (15%) or to perform another behavioural task 162 (7.5%). The average number of trials per condition is shown in Figure 3 . values between 40 and 80 Hz. 7.5% and 5% of studies did not report using a high-pass filter or a low-pass filter The average of the mastoid processes and the average of all scalp electrodes were the most popular reference 173 schemes for EEG analyses (37.5% and 40%respectively). Other studies use the average of the earlobes (7.5%), 174 a single mastoid (12.5%) or did not report the reference used for analysis (2.5%). EEG data were epoched for 175 analyses and in all cases the average pre-stimulus baseline was subtracted from the post-stimulus epoch. The Figure 4C .
178
All studies reported using at least one method to remove or correct for artifacts. Artifact rejection procedures 179 included rejecting epochs by visual inspection or using a fixed amplitude threshold. Artifact correction procedures 180 included removing components after independent component analysis (ICA) or using various algorithms to 181 remove EOG activity from the data. Some studies reported using additional filters to remove artifacts without 182 providing further details. The percentage of studies using each of the main procedures is shown in Figure 4A .
183
Automatic rejection using a fixed threshold was the most used method and the average rejection threshold is 184 shown in Figure 4B . When using an artifact rejection procedure, 50% of studies reported the average number 185 of epochs removed. On average, 11.34% of trials were removed (SD = 6.04, range = 1.34 -29%).
186
ERP analyses.
187
ERP selection and measurement. The average number of components analysed is shown in Figure 5C . In most 188 cases, the choice of ERP components to analyse was based on previous studies (72.5%) while other studies 189 chose components based on the inspection of the grand average waveform (17.5%), used another analysis to 190 select the components of interest (2.5%) or did not justify their selection of components (7.5%). As shown in 191 Figure 5A , the most widely analysed ERP components were the N1, N2, P2, P3 and the LPP. Note that in some studies also performed several analyses on the same component (e.g. early and late LPP). See Table S1 194 for the names and all components analysed in each study.
195
The average number of locations analysed is shown in Figure 5C and the percentage of studies analysing each 196 scalp location is shown on a 64 electrode montage in Figure 5B . A minority of studies provided a justification 197 for the choice of locations to analyse (40%) and in most cases this choice was based on previous studies (25%).
198
Almost all studies quantified the ERP components using the mean amplitude within a time window (80%) while 199 other studies used the peak amplitude within a time window (7.5%) or point by point analyses (i.e., performing Figure 7A ). Approximately 50% of studies included in the meta-analysis found a 248 significant effect and 27.78% found a significant interaction between the effect of pain and another experimental 249 factor at any electrode site. At the fronto-central sites, there is evidence for significant heterogeneity across the 250 20 studies(Q = 108.46, df = 19, p < 0.001; I = 85.13%). Interestingly, the direction of the significant effects is 251 highly heterogeneous, with a similar number of studies finding a significant increase or decrease in amplitude Table S1 . 
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